Electrochemiluminescence (electrogenerated chemiluminescence, ECL), which involves light emission from excited states of electrochemically generated species at the electrode surface, is widely applied for chemical analysis. Integrating the advantages of outstanding selectivity from biological recognition and the high sensitivity of ECL signaling, ECL biosensors are powerful for ultrasensitive bio-checkups and quantification, in which luminol is adopted as an important luminophore. Nanomaterials have been introduced into ECL biosensors, which enlarge the applicable pH range and improve analytical performances, with successful applications in clinical events. In particular, this Minireview will focus on new progresses related to luminolbased biosensors and their applications in clinical diagnosis, with emphasis on nanomaterials being employed as the improver.
Introduction
Since the early definition and researches of Kuwana, Hercules and Bard et al., the electrochemiluminescent (ECL) analysis [1] [2] [3] [4] has greatly progressed in its application. [5] [6] [7] [8] ECL, with another name as electrogenerated chemiluminescence, is a particular chemiluminescent (CL) process triggered by electrochemical reactions. Thus, the ECL has intrinsic superiorities than CL including better temporal/spatial controllability. The ECL is switchable synchronously with applied electrolytic potential, thus to be adjustable by electrochemical parameters to optimize its performance. Meanwhile the electrochemical and light emission reactions are closely localized in diffusion layer of electrode surface, therefore benefits to focus the light signal to promote the signal/noise ratio. Also is meaningfully, it brings about the possibility to enhance its intensity by the strategies of chemically modifying of electrode surface especially with nano-materials. ECL presents more sensitive response toward target over a wider linear range than traditional spectral analysis including fluorescence because of augmented signal and the abrogation of light-source to depress the background. And, compare to electrochemical techniques, its capability to avoid electrical interference is in prospect. Indeed, with the discrimination of lifetime or wavelength of ECL, simultaneous multi-parameter detection of different species can also be achieved. The coupling of ECL with chromatographic, electrophoretic or other separation techniques allows the highthroughput analysis of complex systems.
Aside those luminescent materials used in ECL analysis as organic luminophores, transition metal (II, III) complexes, metal clusters, semiconductors and quantum dots etc., luminol is one of the most significant and widely applied reagent in analytical applications. [9] [10] [11] Its cheapness and convenient usage in aqua solution lead to its successful progress as a mature analytical character in the fields of environmental monitoring, foodstuff industry and especially clinical chemistry. In recent years, more researchers have endeavored their efforts on developing ECL chemo-/bio-sensors with luminol as signaling probe. Herein, the ECL biosensors based on the strategies of radical chemistry, enzymology, immunology and genomics are principal approaches to implement the idea in clinic diagnosis. This paper will review those typical cases on this aspect.
Overview of the Luminol ECL Process
Beside the extensive research and application on chemiluminescence (CL) of luminol since its discovering by Albrecht in 1928, [12] the first report of luminol's ECL emerged in 1929, [13] and thereafter was investigated by Kuwana et al. on Pt electrodes. [14] Luminol ECL can be triggered under different conditions, including various solvents or electrode materials, the presence or absence of oxygen, and also dependent upon the direction of applied potential (anodic or cathodic). [1] The ECL of luminol is a complex reaction system. It includes not only the oxidation reaction and the excitation as in its CL, [15] [16] [17] but also the electrochemical process. As well known, in alkaline media, basically the luminol radicals (L The ECL of luminol can be also observed accompanied with certain co-reactant, as hydrogen peroxide [18] [19] [20] [21] [22] [23] [18, [23] [24] [25] [26] The positive potential induced electron holes (h + ) on electrode surface, especially for those semiconductors, which improved the yield of ROSs and enhanced the ECL emission. Hydrogen peroxide is a byproduct of enzyme catalyzed oxidation of certain substrate, this paves the way for the biosensing of very low concentrated target via the combination with luminol's ECL. But, there are still practical limitations which obstructed their combination, since the activity of enzyme proteins is suffered by the strong alkaline medium of luminol's ECL.
On the other hand, a recent work has questioned the use of the co-reactants and showed stable ECL of luminol without them. [19] Wroblewska et al. found some chemicals, including oxygen, hydrogen peroxide, as well as other oxidizingagents, were all unnecessary for the anodic ECL generation of luminol at a Pt or graphite electrode in alkaline solution. This new idea helps to set up another route of ECL biosensing without the participation of ROSs.
ECL Biosensor with Luminol as the Sensing Probe

pH Adaptability of Luminol's ECL for Biosensing
The mechanism of luminol's ECL has been studied by various groups depending on the oxidant species or applied voltage. [2, 20, 21] The ECL reaction of luminol occurred most efficiently under alkaline conditions, in which it was deprotonated (pK a1 = 6.2). Haapakka et al. alleged that the electrochemiluminescent reaction of luminol would only take place in alkaline solutions. [27] Therefore, it will be very difficult to use it for the detection of those biological compounds compatible only with physiological pH, and it is a challenge to develop new system of luminol's ECL in neutral solutions or weakly acidic media. [28, 29] The investigations by Tu et al. on the ECL behavior of luminol have shown that the optimal ECL signal excited by the rectangular pulse with the amplitude of 1.3 V (vs. Ag/AgCl) on Pt electrode occurred in an alkali medium (pH 12.5), [30] thereafter were enhanced by the pretreatment of Pt electrode or using Br À or I À as the co-reactant to provide a detectable ECL signal in neutral medium. [31] [32] [33] Also microemulsion medium gave a 20-fold enhancement of the ECL of luminol as compared to that in aqueous solution over neutral pH. [34] Cui et al. also demonstrated that the ECL of luminol could work well in neutral solutions after being enhanced by both composition/ surface structure of the electrode and coexisting chemical species. [35] [36] [37] [38] They observed that Co 2 + could remarkably enhance the ECL of luminol in acidic media. [39] The enhancement from these tactics for luminol's ECL could be attributed to their activity to mediate boosting free-radicals or localized enriching luminophore by adsorption. Both these have upraised the ECL signal over the pH range to exceed the cut-off threshold of photomultiplier (PMT). Thus, the feasibility to broaden the pH range of luminol-based ECL analysis into neutral even weakly acidic media was rendered.
Basal Electrodes for Luminol-Based ECL Biosensing
The anodic generated ECL of luminol on Pt electrode was reported since 1960s. [2, 14, 40] Thereafter, during a long period, a number of studies about ECL applications were carried out by utilizing different electrodes including Au, [35, 36, 38, [41] [42] [43] graphite or paraffin impregnated graphite, [19, 44] carbon nanotube paste, [45] Cu, [46, 47] glassy carbon, [15, 23, 35] indium tin oxide (ITO) [48] and screen-printed graphite containing tetracyano-quinodimethane (TCNQ) [49, 50] etc. ITO is a degenerated N-type semiconductor that has a large band-gap (about 3.5~4.3 eV) and is transparent to light in visible region. [51] This makes it attractive for ECL works because the emitted light on ITO surface could be transmitted through the electrode to the detector without interference from possible absorptive molecules in the solution. Interestingly, through some experiments, a peculiar phenomenon was observed, where much stronger ECL were obtained even under lower excitation potential on ITO by the sensitization from ROSs. [52] [53] [54] Thereafter, the ITO glass was employed as the basal electrode to study the ECL of luminol. The results indicated that ITO was an excellent electrode material for ECL of luminol even under a low potential around 0.4 to 0.5 V with a detection limit as low as 10 À15 M.
Researchers have also realized the (co-)polymerization of luminol on the surface of ITO glass in acidic solution. [49, [55] [56] [57] Its polymerizing mechanism could be illustrated by Scheme 1. The intermediate cation of luminol played a main role in the polymerization, through which a polymer chain via the linkage between the -NH-with the para-carbon of the phenyl ring was formed. No matter with the presence of aniline or not, the skeleton of the polymer formed with different crinkling or folding. After the polymerization, the luminophore of luminol (the hydrazide group -CO-NH-NH-CO-) was retained without structural alteration; thus, the polymer still retained its luminescence.
Intensification of Luminol's ECL by Using Metal/Metal Oxide Nanomaterials
Owing to their unique physical and chemical properties, nanomaterials including nanoparticles or nanotubes etc., prepared from metals, semiconductor, carbon or polymeric species, are considerably interesting in the field of biosensing as intensifiers and they lead to novel biosensors with high performances. [58, 59] Particularly, nanomaterials have been employed for the promotion of the sensing ability of ECL biosensors. The most important step for building a biosensor is to immobilize the biomolecules on the surface of a transducer. A successful platform should have special properties for immobilizing or 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 integrating biomolecules stably at transducer surface and efficiently maintain the functionality of the biomolecules, while providing accessibility to the target analyte and an intimate contact with the transducer surface.
As one kind of the most important nanomaterials, nanosized metal crystals (also named as metal nanocrystals, metal NCs) have been frequently employed as the catalyst in liquidphase reaction to amplify the ECL emission. Some investigations demonstrated that using metal NCs in ECL reaction could provide effective enhancement in detection sensitivity or expand the horizon of application. Zheng et al. [60] have reported luminol-Au NCs composite as a new ECL material, which was prepared from luminol and HAuCl 4 in alkaline solution with the assistance of pepsin (a protease). On account of its size and particular function, a 100-fold ECL enhancement could been obtained. Thanks to the inhibiting effect of phenol on the ECL signal of the composite, alkaline phosphatase in human serum samples was successfully detected with satisfactory results. The development of stable and good biocompatible matrix for immobilizing biomolecules is very crucial to improve the analytical performance of biosensors. More attentions have been paid to the functionalization of ECL biosensor with nanomaterials due to their high specific surface area, and to counterbalance the high susceptibility of ECL to surrounding environments. Compared to original bare electrode, 2 to 3 orders of magnitude enhancement can be achieved with the electrodes modified with nanoparticles (NPs) such as Au, Pt or Ag. [61] The size, nature of the NPs as well as the nature of the substrate electrode can also be the influencing factors of the ECL behavior. [35] It was found that the ECL emission was much stronger from Ag NPs than that from Au NPs when both on Au substrate. [61] These NPs-modified electrodes presented not only good stability, reproducibility for the oxidation of luminol, but also the generation of ECL. [35, 37, 43, [61] [62] [63] The enhancement of ECL by nanomaterials can be attributed to the increasing electrode surface area and the catalytic effect of NPs on luminol oxidation. Cui et al. have developed an ultrasensitive ECL immunosensor for human immunoglobulin G (hIgG) based on gold nanoparticles, with a detection limit of 1.0 pg/mL (S/N = 3), which was superior to all previously reported methods for the same purpose. [64] The researches on the function of nano-metal oxides (especially nano-TiO 2 ) for enhancing the ECL of luminol [65] [66] [67] including MnO 2 , [68] In 2 O 3 [69] and ZnO [70] have rendered promising results. Being highly ordered, TiO 2 possesses large surface area, and can provide a large number of active sites for adsorption or chemical/electrochemical reactions. Moreover, it possesses not only favorable charge-transport properties but also good biocompatibility, [71] [72] [73] [74] [75] thus can be modified onto electrode surface for ECL enhancing. It was concluded that when coupled with the action of ROSs, the abundant electron/hole couples (e À /h + ) in the outer shell of nano-TiO 2 could create more excitons of luminol to enhance its ECL. [76] The enhancing mechanism of nano-materials for ECL of luminol could be illustrated in Scheme 2.
Also a reagentless ECL electrode has been designed with luminol-aniline co-polymer as luminophore on nano-TiO 2 functionalized ITO by means of cyclic voltammetry for utilizing as sensing matrix. [57] Hollowed titania nanoshells, which were synthesized by a SiO 2 sacrificial template method, [77] titania nanotubes, [78] and Au decorated nano-titania, [76, 79] have also Scheme 1. The co-polymerization of luminol with aniline. [57] Scheme 2. The sensitizing mechanism of the nano-functionalized electrode.
[76] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 been applied to enhance the ECL of luminol. Thereafter the nano-titania supported AuAg alloy NCs had been immobilized onto ITO working electrode, the intensification of AuAg and PtAg alloy NCs on the ECL of luminol has been also investigated. [80, 81] Based on this, the ECL of luminol could be considerably intensified in either acidic or neutral conditions. The enhanced ECL was strongly affected by ROSs, and thus very sensitive to oxygen, hydrogen peroxide, or those antioxidants. These researches open a novel approach to investigate the symptom or therapy of oxidative stress (OS). [82] 
Typical Examples of ECL-Based Biosensors for Clinical Diagnosis with Luminol as the Sensing Probe
Because of their low cost in constructing, disposable usage, low reagent consumption and high emission, the luminol-based ECL systems via chemo/nano enhancing are now suitable for biological matrices. [83] [84] [85] [86] [87] As illustrated in Scheme 3, there are different sensing routes providing various signal output. Below, we will summarize some typical applications of luminol-based ECL biosensor for clinical diagnosis.
ECL Sensing in Biological Matrices of Diabetes Mellitus
Diabetes mellitus is a worldwide proliferated noninfectious diseases in these years. Although this disease is not acute, the complications such as kidney disease, blindness, and foot disease or nerve damage usually result in severe degradation of the vital quality of the diabetics. The monitoring of those diabetes related indexes are very important for controlling and treating the disease. [88, 89] 
Glucose Detection
Blood glucose level is known as a major index to diagnose diabetes or hypoglycemia. [90] Numerous methods for glucose detection with luminol-based ECL biosensors have been reported over the past few decades. [91, 92] New methods, particularly those combining with novel nano-materials, are still in development. [93] [94] [95] Tu et al. have recently developed a novel enzymatic ECL biosensor based on the sensitization from Au/ TiO 2 nano-composite for noninvasive glucose detection through saliva samples. [96] The Au/TiO 2 nano-composite was deposited on ITO glass by Nafion, which enhanced luminol's ECL significantly after calcination, and a sensitive response toward hydrogen peroxide was obtained. The glucose oxidase (GOD) was cross-linked with BSA by glutaraldehyde and was immobilized on electrode surface. It worked as the sensing matrix and catalyzed glucose's oxidation to produce H 2 O 2 , thus an enhanced ECL emission was resulted. Under the optimized conditions, this biosensor showed good selectivity, stability, simplicity and sensitivity. It has a wide linear range for glucose's detection from 7 mM to 100 mM with a detection limit of 0.22 mM.
On other hand, if there was unsuitable acidity, temperature or moisture, these so-called biosensors usually had poor stability because of the probable deactivation of GOD. In addition, the GOD is often suffered by some chemicals or the time consuming fabrication procedure during its immobilization onto the electrode. [97] Thus, some researchers focused their works on the development of non-enzymatic glucose ECL sensors. Chen et al. [98] proposed a novel non-enzymatic protocol based on palladium nanoparticles (PdNPs) functionalized carbon nanotubes (FCNTs) catalyzed ECL of luminol for glucose sensing. Guo et al. [99] synthesized a kind of perovskite nanomaterial (LaTiO 3 -Ag 0.1 ) in order to develop the non-enzymatic ECL sensor. The LaTiO 3 -Ag 0.1 could effectively catalyze the glucose oxidation thus enhance the ECL of luminol.
The Fast Assay of HbA1 c Through ECL
HbA1c is defined as the ratio of glycosylated hemoglobin toward total hemoglobin. It is considered to be a very useful diagnostic marker for diabetic patients besides the glucose level. [100] Compared to blood glucose, the HbA1c level is a more long-lasting diagnostic index and has been designated as an index of average glucose level during the past 6 to 8 weeks (the lifetime of Hb). A number of detection methods are currently available for quantifying the HbA1clevel, including electrophoresis/electroendosmosis, [101] ion exchange chromatography, [102] high-performance liquid chromatography (HPLC), [103] affinity chromatography, [104] immunoassay, [105] and liquid chromatography -tandem mass spectroscopy (LC-MS/ MS), [106] fluorimetry [107] or colorimetry, [108] etc. Most of these methods usually employed chromatographic separations, biorecognition by immune proteins or interaction with boronic acid derivatives before the detection, and then only the purified HbA1c was quantified with related optical or electrochemical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 transductions. The International Federation of Clinical Chemistry (IFCC) and Laboratory Medicine Working Group have thereafter designated HPLC as a standard reference method for HbA1c assay. Most recently, Tu et al. have firstly developed an HbA1c biosensor based on ECL signaling of luminol, [79] where fructosyl amino acid oxidase was immobilized onto a pre-functionalized indium tin oxide glass with AuNPs decorated titania nanotubes. Under the optimum conditions, fructosyl valine was detected by this biosensor, which could be calibrated to quantify the content of HbA1c. This biosensor has some advantages including high sensitivity, low cost for disposable usage, which implies its great promising application in point-of-care testing of HbA1c.
ECL Sensing of Cholesterol
The cholesterol level in blood is very important because it was an index for diagnosis of many diseases, as hypertension, heart diseases, cerebral thrombosis, arteriosclerosis and so on. [109, 110] Typically the determination of total cholesterol needs to hydrolyze the cholesteryl ester with a cholesterol esterase, to dissociate the cholesterol from the ester. The free cholesterol can be oxidized in the presence of cholesterol oxidase (ChOx) to produce 4-cholestene-3-one and hydrogen peroxide, while the latter could be quantified by ECL to reckon the level of cholesterol. [111] Only few reports for cholesterol assay embracing the quantitative analysis is presented based on ECL signaling of luminol. [111] [112] [113] Ballesta-Claver et al. described a disposable analytical device for cholesterol by the electropolymerized luminol with 3,3',5,5'-tetramethylbenzidine on a screen-printed gold electrode, on which a chitosan membrane containing ChOx was deposited. [114] A new ECL biosensor for cholesterol has been developed via the immobilization of cholesterol oxidase (ChOx) on AuNPs/hollowed titania nanoshells functionalized ITO. [115] With a two-step coating process, this biosensor could be easily fabricated without complicated procedures or expensive instruments. Excellent performances were obtained through the proposed biosensor, such as ultralow detection limit and wide liner range. This design could meet the increasing need for highly sensitive, simple, reliable, reproducible and low-cost detection for on-site monitoring.
ECL Sensing Protocol for Genetic Detection
DNA Detection with ECL Sensing
DNA detection is a hot topic in analysis due to its broad application in clinical research. Sequence-specific DNA detection could help to identify the markers for genetic diseases or appointed viruses, bacteria and parasites. A new development in ECL-based DNA detection was used in a hybridization chain reaction (HCR) to acquire a highly sensitive DNA sensing. [116] The 5' terminus of the tDNA hybridized with an immobilized captured probe, and the 3' terminus hybridized with a concatomer while self-assembling into a long DNA-concatomer. This long concatomer was loaded with AuNPs which catalyzed a luminol-based ECL signal. With HIV-1 as a model analyte, this method was applied to measure tDNA concentration. It exhibited a linear response from 0.02 to 1.0 pM with a detection limit of 5 fM. Zhao et al. also reported a method for one-pot synthesis of GO/AgNPs/luminol composite and built an ECL biosensor for the detection of DNA methyltransferase activity. [117] This nanocomposite could gather large amount of luminol and the AgNPs could enhance the ECL of luminol to give strong signals. After the cleavage of hybridized DNA by Dpn I endonuclease, the release of nanocomposites from the sensor surface led to significant reduction of the ECL signal. Recently, Tu et al. reported a novel label-free electrochemiluminescent DNA (ECL-DNA) biosensor for simple, effective and convenient determination of I27L gene based on AuNPs modified ITO electrode. In that work, with ITO glass as the conductive substrate, the AuNPs were assembled on its surface via the adhesion of hydrolyzed polymer of (3-aminopropyl) trimethoxysilane (APTMS) to prepare an Au plate electrode with nano-characteristic. After optimized all the parameters, the electrode exhibited excellent electrochemical activity and catalysis. Thereafter, a novel label-free genetic biosensor was built up for rapid qualitative and quantitative discrimination of I27L mutation. [118] 4.3.2. miRNA ECL Sensing in Cancer Diagnosis miRNAs are a category of short, single-stranded noncoding RNA sequences, usually 19 to 23 nucleotides. Despite their small sizes, miRNA are thought to play a significant role in the regulation of fundamental cellular processes such as transcriptional and translational regulation of gene expression. [119] [120] [121] Yuan and his colleagues reported their works on the development of ECL miRNA sensors. [119, 120] miRNA-155, in particular, has been detected as a biomarker for certain types of cancers. Luminol-based ECL biosensor were used to detect the expression of miRNA-155 in cell lysates from various cell lines. This is the first report to develop a ratiometric ECL technique for miRNA-155's detection. [121] 
Luminol-Based ECL Immunosensor for Clinic Diagnosis
The immunity is an acquired defense function of biosomes from evolution. [122] It is a very specific recognition and interaction system between so-called antigen and antibody. With the strategy of immuno-affinity, the studies on electrochemical (including the ECL of luminol or jointing with other ECL emitters) immunosensing techniques have commenced in these years. [123, 124] Ju et al. have investigated the methodology of ratiometric ECL immunosensing for protein biomarkers, got a pg/mL level detection limit. [125] Cui et al. have also reported their works on ECL immunosensors for hIgG, [63, 126] obtained the detection limit at the level under pg/mL with label-free mode. Zhou has reported his work on luminol ECL immunosensor for the detection of a-1-fetoprotein (AFP), with a detection limit down to 0.3 pg/mL. [127] Fu et al. have developed a label-free ECL immunosensor for transferrin (TRF) based on the screen-printed carbon electrode, with a detection limit of 0.033 ng/mL. [128] A label-free ECL immunosensor for the detection of carcinoembryonic antigen (CEA) has been reported by Wei et al., [129] presented a detection limit as low as 3 fg/mL. Yuan et al. have also presented their works. Their luminol-based ECL immunosensors for amyloid-b protein (Ab) [130] or CEA [131] [132] have all given pg/mL level even lower detection limit. All abovementioned works on luminol ECL immunosensor have coupled the highly specific immune recognition and extreme sensitivity of luminol's ECL with the assistance of varies nano-materials, offered a favorable approach for clinical investigations with excellent performance.
Conclusions
The fast progress of luminol-based ECL biosensing technique in both fundamental and application over past years has demonstrated ECL's powerful capability clearly for quantification and ultrasensitive bio-checkup. The employment of high-performance nanomaterials with desired properties, such as high catalytic activity and good biocompatibility, and well-defined structures, make it possible to further improve luminol-based ECL biosensor's sensing ability. ECL biosensors will play an increasingly important role especially in development of portable, high-sensitive devices such as biomedical point-ofcare devices or instruments for clinical diagnosis. 
